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Pairing of DNA fragments with homologous sequences occurs in gene shuffling, DNA repair, and
other vital processes. While chemical individuality of base pairs is hidden inside the double helix, x ray
and NMR revealed sequence-dependent modulation of the structure of DNA backbone. Here we show
that the resulting modulation of the DNA surface charge pattern enables duplexes longer than 50 base
pairs to recognize sequence homology electrostatically at a distance of up to several water layers. This
may explain the local recognition observed in pairing of homologous chromosomes and the observed
length dependence of homologous recombination.
DOI: 10.1103/PhysRevLett.86.3666 PACS numbers: 87.14.GgHomologous recombination (exchange of genetic mate-
rial) between two parental copies of DNA allows cells, e.g.,
to repair damaged DNA and to shuffle genes. It lies at the
very heart of storage, processing, and transfer of genetic
information. It has several pathways, involves many steps,
and requires a number of specialized proteins [1]. Its initial
step is sequence recognition and alignment of homologous
fragments (identical genes) on parental copies of DNA.
This is the key to avoiding recombination mistakes (rare
but often devastating, e.g., carcinogenesis). Nevertheless,
sequence recognition is probably the least understood step
in the whole process.
According to textbooks “we know only one mechanism
for nucleic acids to recognize one another on the basis of
sequence: complementarity between single strands” [2].
However, recent observations suggest that homologous re-
combination is preceded by recognition and local pairing
of intact, duplex (double stranded) DNA fragments [3].
This pairing does not involve known recombination pro-
teins. It has been attributed to direct DNA-DNA interac-
tions whose physical origin has not been understood [3,4].
In the present study we suggest a possible explanation by
showing that two homologous duplexes can recognize each
other electrostatically.
The essence of the idea is illustrated in Fig. 1. Two DNA
fragments with homologous sequences can form an elec-
trostatically favorable alignment with negatively charged
strands facing positively charged grooves [5] over a large
juxtaposition length [Fig. 1(b)]. Long DNA fragments
with unrelated sequences cannot establish such alignment
because uncorrelated sequence-dependent modulations of
the helical pitch disrupt the strand-groove register
[Fig. 1(c)].
The model.—The strength and accuracy of recognition
clearly depend on the length of DNA fragments in juxta-
position. This dependence determines the viability of the
recognition mechanism. To find it, consider interaction be-0031-90070186(16)3666(4)$15.00tween two parallel DNA duplexes A and B. To take into
account realistic, helical patterns of their surface charges,
let us use the model shown in Fig. 1(a). We describe the
alignment of helices in terms of dfz  fAz 2 fBz,
where fAz and fBz are the azimuthal orientations of
the middle of the minor groove at the axial position z.
FIG. 1. (a) B-DNA schematically drawn as a stack of base
pairs (disks). Each base pair has two negatively charged phos-
phate groups. We describe base pair orientation at the axial po-
sition z by the azimuthal angle fz of the middle of the minor
groove. Each combination of adjacent base pairs has a preferred
twist angle V  V6DV, where V 34± 35± and DV 
4± 6± [7,8]. In the lowest energy conformation, hdfzdz 
Vz. Deviations from this conformation are described by
Eq. (6). To calculate the energy of interaction between two par-
allel DNA, we describe DNA core as a cylinder with a low
dielectric constant and phosphate strands as negatively charged
spiral lines whose geometry is determined by fz. We ac-
count for adsorbed polycations (that tend to bind to DNA in
cells) by introducing an excess positive surface charge density
in the middle of each groove [5]. (b) The sequence-dependent
twist modulation, Vz, leads to axial variation of the local he-
lical pitch, Hz. As a result, only DNA with homologous se-
quences can have negatively charged strands facing positively
charged grooves over a large juxtaposition length. [To improve
visual perception, the variation of Hz is strongly exaggerated.]
(c) Molecules with unrelated sequences have uncorrelated Hz
resulting in the loss of register between opposing strands and
grooves and in higher juxtaposition energy.© 2001 The American Physical Society
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their helical pitch, H 	 34 Å, the dependence of the elec-
trostatic interaction energy on L and dfz is given by [6]
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where, for a given interaxial distance R between the du-
plexes, an are just numerical coefficients.
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where Inx, Knx, I 0nx, and K 0nx are the modified
Bessel functions and their derivatives, respectively; r 	
9 Å is the radius of the cylindrical surface formed by
centers of phosphates; s 	 16.8 mCcm2 is the surface
charge density of phosphates; u is the fraction of phos-
phate charge neutralized by bound counterions; fi are the
fractions of counterions bound in the minor groove  f1, in
the major groove  f2, and on the phosphate strands  f3,
f1 1 f2 1 f3  1; ´ 	 80 is the dielectric constant of
water; k21 is the Debye screening length (	7 Å in physio-
logical solution) [6].
Let us now take into account the fact that DNA con-
sists of base pairs (bp) stacked with the axial step h 	
3.4 Åbp and twisted with respect to each other [Fig. 1(a)].
The preferred twist angle between adjacent base pairs
Vz is a “fingerprint” of the sequence [7,8]. The ac-
tual twist angle, hdfzdz, may differ from Vz, be-
cause intermolecular interaction and thermal fluctuations
may cause torsional deformation of DNA. To find fz
we can use the torsional energy
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where C 	 3 3 10219 erg cm [9] is the torsional rigidity
modulus. The most favorable alignment of two DNA in
close juxtaposition minimizes the sum of the torsional en-
ergy and the interaction energy given by Eq. (1). Hence,
this alignment satisfies the following equation:l2t
d2dfz
dz2
2 sindfz 1 1 b sin2dfz2

l2t
h
ddVz
dz
. (7)
Here b  8a2a1 2 4a2 and lt 
p
C2a1 2 4a2.
Note that at large distances between DNA, a2 ø a1
and b ø 1 and Eq. (7) reduces to a time-independent
sine-Gordon equation in a random field. It has a variety
of solutions, including stable nonlinear waves (solitons).
Combining statistics of solitons and statistics of small per-
turbations, one can calculate the partition function and de-
termine the sequence-dependent free energy of interaction
between two opposing DNA from Eqs. (1)–(7).
Here, we consider only the simplest case when we can
assume that dfzdz 	 Vzh. This approximation
should work reasonably well for DNA fragments shorter
than 200 bp (L , 700 Å), since for such fragments
L , lt and L , lp  CkBT (lt . 500 700 Å,lp 	
750 Å).
Within this approximation, the interaction energy at the
most favorable alignment is
Eint 	 a0 2 n1La1 1 n2La2L , (8)
where we introduced the recognition coefficients
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For identical sequences, dVz  VAz 2 VBz  0
and nnL  1. For unrelated sequences, dVz is a “ran-
dom walk” with uncorrelated steps [10]. Using the Gauss-
ian statistics with dV2  2DV2 (DV 	 0.07 0.1 rad
[7,8] is the rms variation in V for each sequence), we find
nnL  F
µ
n2
L
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∂
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1 2 e2x
x
, (10)
where lc is a helical coherence length of DNA,
lc 
h
DV2
	 300 700 Å . (11)
From Eqs. (8)–(11), we find the difference in the en-
ergy of juxtaposition between fragments with unrelated se-
quences and between fragments with identical sequences,
DE 	 
12 FLlca1 1 F4Llc2 1a2L , (12)
that one can refer to as the sequence recognition energy.
Recognition efficiency.—Let us calculate DE using
parameters that mimic biologically relevant interactions
(k21  7 Å, u  0.8, f1  0.3, f2  0.7, and f3  0
[5,11]). At 10 Å surface-to-surface separation (R 
30 Å), we find a0 	 3.0 3 1028 ergcm, a1 	 6.0 3
1028 ergcm, and a2 	 1.4 3 1028 ergcm. Figure 2
illustrates the corresponding dependence of Eint and DE
(inset) on L. The recognition energy exceeds the thermal
energy kBT for DNA fragments longer than 100 bp. Tak-
ing into account that the strength of interaction increases3667
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versus length of two parallel DNA fragments at 10 Å surface
separation (R  30 Å) calculated from Eqs. (8) and (10) at
DV  6± (lc  310 Å). Negative values indicate favorablejuxtaposition compared to infinite separation. Inset: The de-
pendence of the recognition energy (the energy gain from juxta-
position between homologous fragments compared to unrelated
fragments) on the fragment length calculated from Eq. (12).
exponentially upon decreasing separation (approximately
threefold for each 3–5 Å) [6,12], we estimate that at
5–10 Å surface separations 50 200 bp DNA frag-
ments should recognize each other with the energy gain
1 15kBT .
This is exactly what one would expect for recognition
energy in biological reactions. For instance, regulatory pro-
teins bind to their target sites on DNA with 102 107 times
higher probability than to nonspecific sites [13]. Since ev-
ery factor of 10 corresponds to 2.3kBT , their recognition
energy is 5 16kBT . Such energy is optimal for com-
bining efficient recognition with rapid, on-demand search
capabilities (it is larger than kBT but not too large to pro-
hibit dissociation). This is particularly important in the
dense environment of a cell nucleus.
Interaction between nucleic acids in vitro.—We are
not aware of in vitro sequence recognition measurements.
Thus, our results should be viewed as conjectural. Still,
many of the features of interaction between DNA duplexes
built into our model have been experimentally observed.
Specifically, alignment of opposing strands and grooves
was observed in oligonucleotide crystals [14], in hydrated,
quasicrystalline fibers of natural DNA [15], and in crystals
of nucleosome core particles [16]. The alignment becomes
particularly favorable in the presence of cations capable
of specific binding to nucleic acids, because such cations
produce larger excess positive charge in grooves. The re-
sulting attraction between opposing strands and grooves
can overwhelm the repulsion between phosphate strands3668and lead to spontaneous aggregation of homopolymeric (or
homologous) helices. Our predictions for such mechanism
of aggregation [6] were confirmed experimentally for ho-
mopolymeric guanosine helices [17].
Although counterion-induced aggregation of homolo-
gous DNA has not been studied, it is known that a suffi-
ciently high concentration of polyamines and several other
ions causes spontaneous aggregation of even random DNA
fragments [18]. We believe that this occurs when the
strand-groove attraction becomes strong enough not only
to compete with the repulsion between strands but also
to induce torsional deformation and establish the strand-
groove register. However, non-sequence-specific forces
could contribute to this phenomenon as well [19].
Phosphate backbone structure and intermolecular inter-
action.—Torsional deformation is observed when DNA
fragments with unrelated sequences are forced into close
juxtaposition (#10 Å surface separation) in hydrated
aggregates. DNA duplexes have incommensurate Vz
(V 	 34±) in solution and constant V  36± (10.0 bp
turn) in aggregates [20]. In contrast, oligonucleotides with
identical sequences crystallize in close juxtaposition with-
out significant distortion of their base pair twist angles
(as indicated by similar values of preferential twist angles
deduced from x-ray crystal structures and from solution
data; see [8]).
In other words, pairing of helices with uncorrelated base
pair sequences requires DNA backbone overwinding [that
can cost up to 0.5kBT per base pair, Eq. (6)]. Pairing
of helices with identical sequences does not require back-
bone deformation so that it is more energetically favorable.
While one may argue that it is not a direct proof, this de-
duction suggests that sequence homology recognition does
occur between duplex DNA in vitro.
Duplex-duplex recognition in vivo.— In cells, DNA
bending and proteins may modify the interaction so that
our equations may no longer work, but the same physical
principles will still apply. It was suggested, e.g., that DNA
pairing in eukaryotes involves homology-dependent local
contacts between duplexes in nucleosome-free regions
[21]. Electrostatic recognition could cause (or contribute
to) this pairing. It could pair nucleosomal DNA as well
(additional twist modulation of DNA in nucleosomes may
even enhance the recognition efficiency).
Such a hypothesis can explain local pairing of duplex
DNA on homologous chromosomes observed [3,4] in yeast.
It can also explain why 50–200 bp homology is necessary
for efficient homologous recombination in bacteriophages
[22], bacteria [23], and mammalian cells [24]. This is the
requirement for the electrostatic pairing of duplex DNA.
Homologous recombination.— Finally, let us point out
that homologous recombination is commonly believed to
be initiated by breaks in duplex DNA. Specialized proteins
of RecA family coat single strands produced at such breaks
and promote their association with homologous duplex
DNA fragments [1,25]. However, this recognition requires
only eight base pairs [26] and identical 8 bp sequences
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sequence is repeated 100 000 times within the human
genome. If this were the only sequence recognition mecha-
nism in homologous recombination, frequent recombina-
tion mistakes would be inevitable.
The requirement of 50–200 bp homology is critical for
avoiding mistakes [22–24], but such recognition cannot
be precise since the corresponding energy per base pair
is only 0.5%–2% of the total energy. Hence, a limited
number of base pair mismatches should be tolerated. This
could also lead to recombination mistakes if no additional
control were present. A logical solution of this dilemma
seems to be a two step recognition — first a coarse-grain
alignment of fragments with 50–200 bp homology and
only then a precise match of 10 bp. The observed local
pairing of intact DNA duplexes that precedes homologous
recombination [3] is likely to be the first step. Our model
of electrostatic duplex-duplex recognition may explain its
mechanism. The synaptic complex formation between a
single strand and duplex DNA mediated by RecA family
proteins is likely to be the second step.
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